Rationale Neurokinin-1 receptor (NK1R) signaling modulates behaviors associated with psychostimulants and opioids. Psychostimulants, such as amphetamine (AMPH) and cocaine, bind to monoamine transporters and alter their functions. Both dopamine and norepinephrine transporters are regulated by NK1R activation suggesting a role for NK1R mediated catecholamine transporter regulation in psychostimulantmediated behaviors. Objectives The effect of in vivo administration of aprepitant (10 mg/kg) on the expression of AMPH (0.5 and 2 mg/kg) and cocaine (5 and 20 mg/kg)-induced conditioned place preference (CPP) as well as locomotor activation was examined in C57BL/6J mice. The effect of aprepitant on morphine (1 and 5 mg/kg)-induced CPP was also examined to identify the specific actions of aprepitant on psychostimulant versus opioidinduced behaviors. Results Aprepitant administration significantly attenuated the CPP expression and locomotor activation produced by AMPH and cocaine. In contrast, aprepitant significantly enhanced the expression of CPP produced by morphine while significantly suppressing the locomotor activity of the mice conditioned with morphine. Aprepitant by itself did not induce significant CPP or conditioned place aversion or locomotor activation or suppression. Conclusions Attenuation of AMPH or cocaine-induced CPP and locomotor activation by aprepitant suggests a role for NK1R signaling in psychostimulant-mediated behaviors.
Introduction
Substance P, the endogenous neurokinin-1 receptor (NK1R) agonist, and its receptor NK1R are implicated in modulating behaviors associated with addiction including drug seeking (Commons 2010; Kraft et al. 2001; Lindefors et al. 1989; Noailles and Angulo 2002; Placenza et al. 2006; Placenza et al. 2005 ; Van den Bos et al. 1989 ). Substance P is released in the ventral striatum following AMPH administration and enhances its stimulant effects (Van den Bos et al. 1990 ). Site-specific infusion of substance P analog into ventral tegmental area or ICV infusion of an NK1R agonist induces reinstatement of cocaine-seeking behavior (Placenza et al. 2005) . However, subsequent studies showed that ICV infusion of an NK1R antagonist (GR82334) suppresses opiateinduced locomotor activation and self-administration, but not cocaine-induced locomotor activation and self-administration (Placenza et al. 2006 ). It has also been shown that sitespecific infusion of substance P into globus pallidus induces conditioned place preference (CPP), which is blocked by NK1R antagonist WIN 51,708 (Kertes et al. 2010 ). This study also showed that the NK1R antagonist WIN 51,708 alone does not induce CPP or conditioned place aversion. Interestingly, NK1R knockout mice exhibit lack of AMPH or morphine-induced CPP (Gadd et al. 2003; Murtra et al. 2000; Yan et al. 2009 ). While observations are conflicting with regard to NK1R antagonism on morphine reward (Commons 2010; Jones et al. 2013; Murtra et al. 2000; Ripley et al. 2002; Robinson et al. 2012; Walsh et al. 2013) , NK1R antagonism is shown to attenuate AMPHinduced locomotor activation (Gonzalez-Nicolini and McGinty 2002) . Studies from genetic and pharmacological blockade of NK1R show modulation of psychostimulantinduced release of NE and DA, indicating a role for NK1R in psychostimulant-mediated behaviors as well as a close relationship between neurokinin and catecholaminergic systems (Fisher et al. 2007; Yan et al. 2009 ).
Psychostimulants target monoamine transporters including the catecholamine transporters, norepinephrine transporter (NET), and dopamine transporter (DAT), and enhance monoaminergic signaling, and this effect is known to mediate important aspects of drug reinforcement (Gainetdinov and Caron 2003; Hall et al. 2009; Rocha et al. 1998; Salahpour et al. 2008; Sotnikova et al. 2006; Xu et al. 2000) . Studies by us and other investigators have demonstrated that both NET and DAT are regulated by signaling mechanisms downstream of receptor activation including NK1R as well as by psychostimulants via phosphorylationdependent and independent mechanisms (Foster et al. 2006; Jayanthi and Ramamoorthy 2005; Kahlig and Galli 2003; Kristensen et al. 2011; Ramamoorthy et al. 2011; Rudnick et al. 2014) . Importantly, we showed that a common trafficking motif is required for both AMPH and NK1R-mediated NET regulation (Annamalai et al. 2010; Jayanthi et al. 2006 ) and demonstrated a regulated interaction between NET and NK1R (Arapulisamy et al. 2013) . We also demonstrated cocaine-induced p38 MAPK-mediated phosphorylation-dependent NET regulation and its role in cocaine-elicited behaviors (Mannangatti et al. 2011; Mannangatti et al. 2015) . Several protein kinases including PKC, ERK/MAPK, and Akt are linked to NK1R signaling (Amadoro et al. 2007; Chu et al. 2011; Lallemend et al. 2003; Monastyrskaya et al. 2005; Nakamura et al. 2014) , thus suggesting a close relationship between NK1R signaling and psychostimulant-induced behaviors via catecholamine transport regulation. We postulated that NK1R antagonism might block psychostimulant elicited behaviors and examined the effect of aprepitant, a clinically used NK1R antagonist, on conditioned psychostimulant reward. While AMPH and cocaine directly target NET and DAT to modulate their functions, morphine is not known to target NET or DAT directly. Therefore, we also hypothesized that aprepitant will not affect opioid-mediated behaviors and investigated the effect of aprepitant on conditioned morphine reward.
Methods Subjects
Male C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME) of 8-9 weeks age and weighing around 25 g were used for the experiments. A total of 115 mice were used in our experiments: 11 animals for conditioning with intraperitoneal (i.p.) saline as control for AMPH or cocaine; 11 animals each for conditioning with 0.5 mg/kg and 2 mg/kg AMPH (given i.p.); 11 animals each for conditioning with 5 mg/kg and 20 mg/kg cocaine (given i.p.); 19 animals for conditioning with subcutaneous (s.c.) saline (11 + 8 in two sets) as control for morphine and 8 animals for conditioning with 1 mg/kg morphine (given s.c.) and 11 animals for conditioning with 5 mg/kg morphine (given s.c.); 11 animals for conditioning with i.p. vehicle as control for aprepitant and 11 animals for conditioning with aprepitant (given i.p.). Mice were housed in groups of 4-5 in polypropylene cages with corn-cob bedding and had free access to food (Harlan Teklad) and tap water. They were maintained on a 12-h light/12-h dark cycle at an ambient temperature of 22°C and 42% humidity. All animal procedures were in accordance with the National Institutes of Health guide for the Care and Use of Laboratory animals. The protocols of this study were approved by Virginia Commonwealth University Institutional Animal Care and Use Committee.
Drug administrations
Amphetamine (D-Amphetamine hemisulfate) (AMPH) or cocaine hydrochloride (Sigma-Aldrich, St. Louis, MO) was dissolved in injectable grade isotonic saline solution (0.9% NaCl). Injections of i.p. saline or AMPH (0.5 or 2 mg/kg) or cocaine (5 or 20 mg/kg) were given in a volume of 10 μl/g body weight. Saline or morphine (1 or 5 mg/kg) was given s.c. in a volume of 10 μl/g body weight. Vehicle or aprepitant (10 mg/kg, i.p.) was administered in a volume of 10 μl/g body weight. Aprepitant,
, Kenilworth, NJ) was dissolved in dimethyl sulfoxide (DMSO) and diluted with saline so that the final DMSO concentration is 0.002% when injected. Vehicle control contained 0.002% DMSO.
Conditioned place preference
An unbiased mouse CPP paradigm was utilized as described by us previously (Mannangatti et al. 2015) . In brief, mice were placed in enriched environment and handled for 3 days prior to initiation of CPP testing. The CPP apparatus (MedAssociates, St. Albans, VT, ENV3013) consisted of white and black chambers (20 × 20 × 20 cm each), which differed in floor texture (white mesh and black rod: Med-Associates, ENV-3013WM and ENV-3013BR) to help the mice further differentiate between the two environments. Place conditioning chambers were separated by a smaller intermediate gray compartment with a smooth PVC floor and partitions that allowed access to the black and white chambers. On day 1, mice were introduced into the chamber and their baseline preference for each chamber recorded for 15 min after 5 min acclimation time. After testing for initial chamber preference on day 1 (preconditioning), for conditioning, mice received i.p. saline in one chamber in the AM and saline or 0.5 or 2.0 mg/kg AMPH or 5 or 20 mg/kg cocaine in the opposite chamber in the PM once a day for 3 days (days 2-4) having chambers counterbalanced across treatments. Following this conditioning period, on day 5, CPP test (postconditioning) was conducted in the AM following an injection of vehicle (saline containing 0.002% DMSO given 15 min prior to CPP testing) and in the PM following an injection of aprepitant (10 mg/kg i.p. given 15 min prior to CPP testing). We designed this type of postconditioning testing protocol to achieve within the subject controls. Other groups of mice were conditioned with subcutaneous (s.c.) injections of saline or 1 or 5 mg/kg morphine for 3 days and on postconditioning day, CPP was tested in the AM following an injection of vehicle and in the PM following an injection of aprepitant. To examine whether aprepitant alone induces CPP, mice were conditioned with vehicle or aprepitant (10 mg/kg i.p.) for 3 days and tested for CPP on postconditioning day following a vehicle injection. The doses of AMPH, cocaine, morphine, and aprepitant are chosen based on previous studies (Lim et al. 2008; Mannangatti et al. 2015; Ramsey et al. 2008; Stuart et al. 2013; Utsumi et al. 2016) . Preference scores measured in seconds reflect the time the mice spent in the drug-paired side during postconditioning day, subtracted from the time spent in the drug-paired side preconditioning, when baseline scores are taken. A positive number indicated a preference for the drug-paired side, whereas a negative number implied an aversion to the drug-paired side. A number of zero or near zero indicated no preference for either side. The distance traveled was also recorded simultaneously for further analysis of the ambulatory (movement) counts.
Locomotor activity
The locomotor activity of the mice were recorded as movement counts during CPP testing on postconditioning day following vehicle injection in the AM as well as following aprepitant injection in the PM. The movements of the mice were tracked using 16 evenly spaced infra-red (I/R) sources and sensors juxtaposed around the periphery of the four sides of the chamber. Total activity is calculated by adding the movement counts from both the compartments. Counts from middle gray compartment were not included in the total counts.
Statistical analyses
Statistical analyses of the data were performed using Prism software (GraphPad, San Diego, CA). Values are expressed as mean ± S.E.M. Two-way ANOVA with Tukey's multiple comparisons test was used for examining the effect of conditioning drug as well as the effect of aprepitant treatment on CPP induced by AMPH, cocaine, or morphine. Similar analysis was used for examining the effects of conditioning drug and aprepitant treatment on locomotor activity. Tukey's post hoc test compares each group with every other group in all possible ways. Twotailed unpaired Student's t test analysis was performed for comparisons between two groups, vehicle and aprepitant. A value of p ≤ 0.05 was considered statistically significant.
Results

Aprepitant attenuates AMPH-induced CPP and locomotor activity
Mice conditioned with either 0.5 or 2 mg/kg AMPH exhibited a significant CPP expression compared to saline-conditioned mice (Fig. 1a, b ). Mice conditioned with 0.5 mg/kg AMPH exhibited significantly higher CPP expression following vehicle, when compared to saline-conditioned mice following vehicle (p < 0.005) or aprepitant (p < 0.005) (Fig. 1a) . Following aprepitant, the CPP expression observed in mice conditioned with 0.5 mg/kg AMPH did not differ significantly from that observed in saline-conditioned mice (Fig. 1a) . When compared to vehicle, aprepitant significantly reduced the CPP expression induced by 0.5 mg/kg AMPH conditioning (p < 0.05) (Fig. 1a) . With regard to CPP expression, tabular results from two-way ANOVA showed significant effect by AMPH conditioning using 0.5 mg/kg dose (F 1,40 = 9.98, p = 0.003) and by aprepitant treatment (F 1,40 = 4.47, p = 0.041). There was no significant interaction between AMPH conditioning and aprepitant treatment (F 1,40 = 3.07, p = 0.09). Mice conditioned with 2 mg/kg AMPH exhibited significantly higher CPP expression following vehicle, when compared to salineconditioned mice following vehicle (p < 0.0001) or aprepitant (p < 0.0001) (Fig. 1b) . Mice conditioned with 2 mg/kg AMPH exhibited significantly higher CPP expression following aprepitant, when compared to saline-conditioned mice following vehicle (p < 0.005) or aprepitant (p < 0.005) (Fig. 1b) . Nonetheless, when compared to vehicle, aprepitant significantly reduced the CPP expression induced by 2 mg/kg AMPH (p < 0.05) (Fig. 1b) . Saline-conditioned mice exhibited very low CPP expression following vehicle, and this CPP expression did not differ significantly from that following aprepitant (Fig. 1a, b) . With regard to CPP expression, tabular results from two-way ANOVA showed significant effect by AMPH conditioning using 2 mg/kg dose (F 1,40 = 58.06, p < 0.0001) and by aprepitant treatment (F 1,40 = 5.42, p = 0.025). There was no significant interaction between AMPH conditioning and aprepitant treatment (F 1,40 = 3.50, p = 0.07). Locomotor activity measured as movement counts during CPP testing showed significantly higher locomotor activityin AMPH-conditioned mice compared to salineconditioned mice (Fig. 1a, b ). Mice conditioned with 0.5 mg/kg AMPH showed significantly higher locomotor activity following vehicle, when compared to saline-conditioned mice following vehicle (p < 0.0001) or aprepitant (p < 0.0001) (Fig. 1c ). Mice conditioned with 0.5 mg/kg AMPH exhibited significantly higher locomotor activity following aprepitant, only when compared to saline-conditioned mice following aprepitant (p < 0.005) (Fig. 1c) . Nonetheless, when compared to vehicle, aprepitant significantly reduced the locomotor activation observed in mice conditioned with 0.5 mg/kg AMPH (p < 0.05) (Fig. 1c) . With regard to locomotor activity, tabular results from two-way ANOVA showed significant effect by AMPH conditioning using 0.5 mg/kg dose (F 1,40 = 40.75, p < 0.0001) and by aprepitant treatment (F 1,40 = 9.01, p = 0.005). There was no significant interaction between AMPH conditioning and aprepitant treatment (F 1,40 = 1.13, p = 0.29). Mice conditioned with 2 mg/kg AMPH exhibited significantly higher locomotor activity following vehicle, when compared to saline-conditioned mice following vehicle (p < 0.0003) or aprepitant (p < 0.0001) (Fig. 1d) .
Following aprepitant, the locomotor activity of mice conditioned with 2 mg/kg AMPH did not differ significantly from that of saline-conditioned mice (Fig. 1d) . When compared to vehicle administration, aprepitant administration significantly reduced the locomotor activation seen in the mice conditioned with 2 mg/kg AMPH (p < 0.05) (Fig. 1d) . In salineconditioned mice, although we observed a slightly reduced locomotor activity following aprepitant administration, it did not reach statistical significance when compared to vehicle administration (Fig. 1c, d) . With regard to locomotor activity, tabular results from two-way ANOVA showed significant effect by AMPH conditioning using 2 mg/kg dose Fig. 1 CPP scores recorded during postconditioning testing, given as means ± SEM, show significant CPP in mice conditioned with AMPH a) 0.5 mg/kg (n = 11) or b) 2 mg/kg (n = 11) compared to mice conditioned with saline (n = 11). Treatment with aprepitant (10 mg/kg) significantly reduced AMPH CPP. ** and **** indicate significant effect by AMPH (p < 0.005 and p < 0.0001, respectively) and^indicates significant effect by aprepitant treatment in the AMPH group (p < 0.05). Movement counts recorded simultaneously during postconditioning testing, given as means ± SEM, show significant locomotor activation in mice conditioned with AMPH c) 0.5 mg/kg or d) 2 mg/kg compared to mice conditioned with saline. Treatment with aprepitant (10 mg/kg) significantly reduced AMPH-induced locomotor activity. **, ***, and **** indicate significant effect by AMPH (p < 0.005, p < 0.0003, p < 0.0001) and^indicates significant effect by aprepitant treatment in the AMPH group (p < 0.05) (F 1,40 = 20.33, p < 0.0001) and by aprepitant treatment (F 1,40 = 10.50, p = 0.002). There was no significant interaction between AMPH conditioning and aprepitant treatment (F 1,40 = 1.85, p = 0.18).
Aprepitant attenuates cocaine-induced CPP and locomotor activity
Above results suggested a role for NK1R in AMPH-induced CPP expression as evidenced by attenuation by NK1R antagonist, aprepitant. Therefore, next, we examined whether this effect is specific only to AMPH or to other psychostimulants in general. Similar to our published study (Mannangatti et al. 2015) , both 5 and 20 mg/kg cocaine conditioning produced significant CPP expression compared to saline control group (Fig. 2a, b ). Mice conditioned with 5 mg/kg cocaine exhibited significantly higher CPP expression following vehicle, when compared to saline-conditioned mice following vehicle (p < 0.0001) or aprepitant (p < 0.0001) (Fig. 2a) . Following aprepitant, the CPP expression observed in mice conditioned with 5 mg/kg cocaine did not differ significantly from that observed in saline-conditioned mice (Fig. 2a) . When compared to vehicle administration, aprepitant administration significantly reduced the CPP expression induced by 5 mg/kg cocaine conditioning (p < 0.05) (Fig. 2a) . With regard to CPP expression, tabular results from two-way ANOVA showed significant effect by cocaine conditioning using 5 mg/kg dose (F 1,40 = 26.47, p < 0.0001) and by aprepitant treatment (F 1,40 = 4.27, p = 0.045). There was no significant interaction between cocaine conditioning and aprepitant treatment (F 1,40 = 3.37, p = 0.074). Mice conditioned with 20 mg/kg cocaine exhibited significantly higher CPP expression following vehicle, when compared to saline-conditioned mice following vehicle (p < 0.0001) or aprepitant (p < 0.0001) (Fig. 2b) . Mice conditioned with 20 mg/kg cocaine exhibited significantly higher CPP expression following aprepitant, only when compared to saline-conditioned mice following aprepitant (p < 0.05) (Fig. 2b) . Nonetheless, when compared Fig. 2 CPP scores recorded during postconditioning testing, given as means ± SEM, show significant CPP in mice conditioned with cocaine a) 5 mg/kg (n = 11) or b) 20 mg/kg (n = 11) compared to mice conditioned with saline (n = 11). Treatment with aprepitant (10 mg/kg) significantly reduced cocaine CPP. * and **** indicate significant effect by cocaine (p < 0.05 and p < 0.0001, respectively) and^and^^indicate significant effect by aprepitant treatment in the cocaine group (p < 0.005 and p < 0.05, respectively). Movement counts recorded simultaneously during postconditioning testing, given as means ± SEM, show significant locomotor activation in mice conditioned with cocaine c) 5 mg/kg (n = 11) or d) 20 mg/kg (n = 11) compared to mice conditioned with saline (n = 11). Treatment with aprepitant (10 mg/kg) significantly reduced cocaine-induced locomotor activity. *, **, ***, and **** indicate significant effect by cocaine (p < 0.05, p < 0.005, p < 0.0003, and p < 0.0001) and^^indicates significant effect by aprepitant treatment in the cocaine group (p < 0.005) to vehicle administration, aprepitant administration significantly reduced the CPP expression induced by 20 mg/kg cocaine (p < 0.05) (Fig. 2b) . With regard to CPP expression, tabular results from two-way ANOVA showed significant effect by cocaine conditioning using 20 mg/kg dose (F 1,40 = 32.90, p < 0.0001) and by aprepitant treatment (F 1,40 = 4.49, p = 0.040). There was no significant interaction between cocaine conditioning and aprepitant treatment (F 1,40 = 3.42, p = 0.072). Saline-conditioned mice exhibited very low CPP expression following vehicle, and this CPP expression did not differ significantly from that following aprepitant (Fig. 2a, b) . Locomotor activity, measured as movement counts during CPP testing, showed that mice conditioned with 5 mg/kg cocaine did not show locomotor activation following vehicle when compared to saline-conditioned mice following vehicle (Fig. 2c) . However, when compared to saline conditioned mice following aprepitant, mice conditioned with 5 mg/kg cocaine showed slight but significant locomotor activation following vehicle (p < 0.005) as well as following aprepitant (p < 0.05) (Fig. 2c) . With regard to locomotor activity, tabular results from two-way ANOVA showed significant effect by cocaine conditioning using 5 mg/kg dose (F 1,40 = 11.79, p = 0.0014) and no significant effect by aprepitant treatment (F 1,40 = 2.17, p = 0.15). There was no significant interaction between cocaine conditioning and aprepitant treatment (F 1,40 = 0.30, p = 0.59). Mice conditioned with 20 mg/kg cocaine exhibited significantly higher locomotor activity following vehicle, when compared to saline-conditioned mice following vehicle (p < 0.0003) and following aprepitant (p < 0.0001) (Fig. 2d ). Mice conditioned with 20 mg/kg cocaine showed significantly higher locomotor activity following aprepitant, only when compared to salineconditioned mice following aprepitant (p < 0.05) (Fig. 2d) . Nonetheless, when compared to vehicle, aprepitant significantly reduced the locomotor activation seen in the mice conditioned with 20 mg/kg cocaine (p < 0.005) (Fig. 2d) . With regard to locomotor activity, tabular results from two-way ANOVA showed significant effect by cocaine conditioning using 20 mg/kg dose (F 1,40 = 25.48, p < 0.0001) and by aprepitant treatment (F 1,40 = 15.4, p = 0.0003). There was no significant interaction between cocaine conditioning and aprepitant treatment (F 1,40 = 0.72, p = 0.40). In salineconditioned mice, although we observed a slightly reduced locomotor activity following aprepitant administration, it did not reach statistical significance when compared to vehicle administration (Fig. 2c, d ).
Aprepitant enhances the CPP induced by high-dose morphine and reduces the locomotor activity of morphine-conditioned mice Having known that aprepitant could effectively blunt the expression of CPP induced by psychostimulants, we next examined its effect on the expression of opioid-induced CPP. Compared to saline conditioning, morphine conditioning produced significant CPP expression (Fig. 3a, b) . Mice conditioned with 1 mg/kg morphine exhibited significantly higher CPP expression following vehicle or aprepitant, when compared to saline-conditioned mice following vehicle (p < 0.0001) or aprepitant (p < 0.0001) (Fig. 3a) . There was a slight enhancement in the CPP expression following aprepitant, but it did not reach statistical significance (Fig. 3a) . With regard to CPP expression, tabular results from two-way ANOVA showed significant effect by morphine conditioning using 1 mg/kg dose (F 1,50 = 84.16, p < 0.0001) and no significant effect by aprepitant treatment (F 1,50 = 1.51, p = 0.225). There was no significant interaction between morphine conditioning and aprepitant treatment (F 1,50 = 0.367, p = 0.548). Mice conditioned with 5 mg/kg morphine exhibited significantly higher CPP expression following vehicle, when compared to saline-conditioned mice following vehicle (p < 0.0003) or aprepitant (p < 0.005) (Fig. 3b) . The CPP expression in 5 mg/kg significantly enhanced the CPP expression induced by 5 mg/kg morphine (p < 0.005) (Fig. 3b) . With regard to CPP expression, tabular results from two-way ANOVA showed significant effect by morphine conditioning using 5 mg/kg dose (F 1,56 = 67.22, p < 0.0001) and by aprepitant treatment (F 1,56 = 8.15, p = 0.006). There was a significant interaction between morphine conditioning and aprepitant treatment (F 1,56 = 5.66) (p = 0.021). The locomotor activity of morphine and saline-conditioned mice remained same following vehicle (Fig. 3c, d ). However, morphineconditioned mice exhibited significantly lower locomotor activity following aprepitant, when compared to saline, or morphine-conditioned mice following vehicle (p < 0.005 and p < 0.05, respectively) (Fig. 3c, d) . With regard to locomotor activity, tabular results from two-way ANOVA showed no significant effect by morphine conditioning (F 1,50 = 1.05, p = 0.31 and F 1,50 = 1.16, p = 0.30 at 1 and 5 mg/kg doses, respectively). However, there was a significant effect by aprepitant treatment (F 1,50 = 14.06, p = 0.0005 and F 1,56 = 12.73, p = 0.0005 for 1 and 5 mg/kg morphine, respectively). There was no significant interaction between morphine conditioning and aprepitant treatment (F 1,50 = 1.31, p = 0.258 and F 1,56 = 1.95, p = 0.168 for 1 and 5 mg/kg morphine, respectively). There was a small non-significant reduction in the locomotor activity of saline-conditioned mice following aprepitant treatment compared to vehicle treatment (Fig. 3c, d ).
Aprepitant conditioning does not induce CPP or locomotor activation
Mice conditioned with aprepitant (10 mg/kg given i.p. for 3 days) when tested for CPP did not show either enhanced or decreased preference to drug-conditioned compartment as compared to saline-conditioned group (Fig. 4a) . Unpaired Student's t test showed a p value of 0.80120. There was also no significant change in the locomotor activity of the mice conditioned with aprepitant compared to that of salineconditioned mice (Fig. 4b) . Unpaired Student's t test showed a p value of 0.9903. These results suggest that aprepitant does not induce CPP or conditioned place aversion, and it does not affect locomotor activity.
Discussion
Here, we demonstrate that a clinically used NK1R antagonist, aprepitant attenuates the expression of CPP induced by psychostimulants, AMPH, and cocaine while enhancing morphine-induced CPP. Substance P, a neuropeptide is highly expressed in brain stem monoaminergic nuclei, the brain regions involved in cognition, mood, and motor control and also in regions such as prefrontal cortex, amygdala and striatum where these monoaminergic nuclei project (Caberlotto et al. 2003; Chen et al. 2000; Commons 2010; Ebner et al. 2009; Griffante et al. 2006; Hargreaves 2002) . Substance P infusions into these monoaminergic nuclei produce increased motor activity and stereotypy Stinus et al. 1978) . Genetic deletion of NK1R renders ADHD-like phenotype, and there is a 2-4-fold increase in extracellular NE levels in the prefrontal cortex of NK1R knockout mice (Yan et al. 2009 ). Interestingly, NK1R exists in a physical complex with NET in the prefrontal cortex and also in the nucleus accumbens as shown by our previous study (Arapulisamy et al. 2013) . All of these studies indicate a substantial interaction between NK1R signaling and NE transmission. While NK1R antagonism is shown to attenuate acute AMPH-induced locomotor activity by a previous study (Gonzalez-Nicolini and McGinty 2002) , our current study for the first time demonstrates that NK1R antagonism attenuates both AMPH and cocaine-induced CPP and locomotor activation.
The current study demonstrates that psychostimulant-induced behaviors are sensitive to NK1R antagonism in that a single Fig. 3 CPP scores recorded during postconditioning testing, given as means ± SEM, show significant CPP in mice conditioned with morphine a) 1 mg/kg (n = 8) or b) 5 mg/kg (n = 11) compared to mice conditioned with saline (n = 19). Treatment with aprepitant (10 mg/kg) significantly reduced morphine CPP. ** *** and *** * indicate significant effect by morphine (p < 0.005, p < 0.0003, and p < 0.0001, respectively) and^^indicates significant effect by aprepitant treatment in the morphine group (p < 0.005). Movement counts recorded simultaneously during postconditioning testing, given as means ± SEM, show significant locomotor activation in mice conditioned with morphine c) 1 mg/kg (n = 8) or d) 5 mg/kg (n = 11) compared to mice conditioned with saline (n = 19). Treatment with aprepitant (10 mg/kg) significantly reduced locomotor activity of morphine-conditioned mice. ** indicates significant effect by morphine (p < 0.005) and^indicates significant effect by aprepitant treatment in the morphine group (p < 0.05) injection of aprepitant prior to postconditioning test significantly attenuated CPP expression and motor activity induced by AMPH and cocaine. Since, CPP across multiple drug classes appears to follow inverted u-shaped dose-response (Uhl et al. 2014) , we tested both a low and a high dose for each of the drugs we tested. When tested on the postconditioning day (no drug on board at the time of testing), we observed robust CPP expression induced by both AMPH and cocaine at the doses tested. In our experimental conditions, while both 0.5 and 2 mg/kg AMPH conditioning produced enhanced locomotor activity, only 20 mg/kg cocaine conditioning enhanced locomotor activity. Aprepitant given just 15 min prior to CPP testing effectively attenuated both the expression of CPP and locomotor activation produced by these two psychostimulants. The use of within the subject controls further substantiates our finding that aprepitant effectively attenuates AMPH and cocaine-mediated behaviors. Furthermore, aprepitant did not affect the CPP expression induced by 1 mg/kg morphine conditioning. Moreover, in contrast to its attenuating effects on AMPH and cocaine CPP, aprepitant treatment enhanced the expression of CPP induced by 5 mg/kg morphine. These results indicate differential effect of NK1R antagonism on psychostimulant versus opioid reinforcing behaviors. Furthermore, the opposite results of NK1 antagonism on the expression of psychostimulant versus opioid CPP suggest that while endogenous SP/NK1 signaling may in part be necessary for the expression of conditioned psychostimulant reward, it may limit the expression of conditioned opioid seeking behavior.
Morphine-induced CPP expression was similar at both 1 and 5 mg/kg doses. It is known that morphine produces CPP to the same extent at doses 1 and 2.5 mg/kg, and only slightly more at 10 mg/kg dose (Leite-Morris et al. 2014). Although not statistically significant, aprepitant increased the CPP expression induced by 1 mg/kg morphine. However, aprepitant significantly enhanced the CPP expression induced by 5 mg/kg morphine. Enhanced morphine CPP expression following aprepitant is not surprising because in human studies, aprepitant indeed enhanced craving for opioid use (Jones et al. 2013; Walsh et al. 2013) . There was no significant interaction between AMPH or cocaine conditioning and aprepitant treatment, suggesting a direct effect of aprepitant on psychostimulant-mediated behaviors. Interestingly, there was a significant interaction between morphine conditioning (at 5 mg/kg dose) and aprepitant treatment, which suggests neurokinin signaling may influence morphine-induced behaviors. While both AMPH and cocaine target NET and DAT, morphine is not known to target NET or DAT. Although psychostimulants and opiates share some of the mechanisms involving catecholamine signaling, there are distinct differences in the neurobiological mechanisms underlying psychostimulant versus opioid addiction (Badiani et al. 2011) .
Although not statistically significant, aprepitant slightly reduced the locomotor activity of saline-conditioned mice and significantly reduced the locomotor activity of morphineconditioned mice. While we cannot rule out the possibility that aprepitant at 10 mg/kg dose may have sedative effects contributing to reduced locomotor activity, NK1R antagonism appears to exacerbate sedative effects of morphine. Evidence exists in support of functional cross-talk between NK1 and opioid receptors in that both of these systems physiologically interact with respect to pain and analgesia (Bowman et al. 2015; Pfeiffer et al. 2003) . Similarly, there is significant interaction between NE and opioid signals. In this regard, NET-KO mice exhibit enhanced morphine-induced analgesia via α2-adrenergic receptor activation suggesting a role for NET and NE homeostasis in morphine-induced analgesia . Moreover, noradrenergic neuronal activity in the prefrontal cortex and locus coeruleus nuclei, as well as α1 and α2-adrenergic receptors, have been implicated in locomotor and rewarding effects of morphine (Drouin et al. 2002; Van Bockstaele and Valentino 2013; Ventura et al. 2005) . A close anatomical and physiological association exists between substance P and NE systems in the brain (Chen et al. 2000; Fisher et al. 2007) . A possible Fig. 4 a) CPP scores recorded during postconditioning testing shows no CPP in mice conditioned with Aprepitant (10 mg/kg i.p. daily for 3 days) compared to vehicle conditioned mice. Data represent means ± SEM. b) Locomotor activity of mice recorded simultaneously as movement counts during postconditioning testing shows no significant difference between vehicleconditioned mice and aprepitantconditioned mice. Data represent means ± SEM interaction between NE, opioid, and NK1 signals might be contributing to enhanced morphine CPP expression and reduced locomotor activity following aprepitant treatment.
Aprepitant by itself is not reinforcing as evidenced by its failure to induce CPP, but blunted both AMPH and cocaine CPP while enhancing morphine CPP. These results indicate that aprepitant effectively reaches brain regions following systemic administration and elicits its effects. Substance P in several neuronal pathways have been linked to stress and addiction, which are interconnected (Commons 2010) . Thus, the utility of NK1 directed therapeutics in the clinic is an area of interest in addiction field. Animal studies indicate therapeutic benefits of NK1R antagonists in treating stimulant abuse, depression, and cancer (Gabrielian et al. 2013; GonzalezNicolini and McGinty 2002; Kramer et al. 2004; Lewis et al. 2013 ). Species differences exist with respect to response to non-peptide NK1R antagonists, and rats and mice have amino acid residue changes at antagonist binding sites relative to humans and guinea pigs (Olive 2015; Saria 1999) . However, aprepitant has been used in studies using both rats and mice as an effective NK1R antagonist (Ruzza et al. 2014; Utsumi et al. 2016; Yamamoto et al. 2014 ). In addition, aprepitant is already in clinical use as an antiemetic in cancer patients undergoing chemotherapy (Hargreaves et al. 2011; Patel and Lindley 2003) . Recently, NK1R antagonism is found to decrease alcohol craving in humans (George et al. 2008) . Another study demonstrated that NK1R antagonist L822429 suppresses stress-induced reinstatement of alcohol and cocaine seeking in rats (Schank et al. 2014 ). Thus, current study adds further insights into the potential therapeutic benefits of NK1R antagonists in the treatment of drug abuse and addiction.
